Objective: To investigate the neural correlates of verbal and nonverbal semantic processing in neurodegenerative disease.
S emantic memory enables us to understand and categorize elements of the world. It comprises, inter alia, our knowledge of objects, animals, people, and words. Semantic memory is often impaired in neuro-degenerative diseases, most severely in patients with semantic dementia (SD) who have bilateral atrophy of the anterior and inferolateral temporal cortices. [1] [2] [3] Such patients usually present with word-finding and comprehension difficulties and demonstrate loss of conceptual knowledge, despite preserved phonologic and syntactic abilities. [4] [5] [6] [7] [8] Conceptual knowledge can be assessed with a variety of tasks including picture naming; word, picture, sound, or color matching; object/nonobject decision; feature generation and semantic association. Such tasks assess different components of semantic memory (eg, knowledge of perceptual features or semantic associations), across a range of modalities (eg, visual, auditory, or tactile) and material types (eg, verbal or nonverbal). In SD, the semantic deficit is usually highly consistent across trials, tasks, modality, and material type [9] [10] [11] (but see Ref. 12 for alternative findings). This has led many authorities to propose that this syndrome reflects gradual degradation of a central, unitary semantic system dependent on the bilateral anterior temporal lobes. 2, 13, 14 In contrast, patients with non-neurodegenerative, focal brain lesions occasionally show dissociations in semantic memory with impairment apparently isolated to either verbal 15, 16 or nonverbal [17] [18] [19] material. Such cases suggest that some aspects of semantic processing are subserved by distinct brain regions according to the type of stimulus material.
Functional imaging studies of semantic memory, using a variety of stimulus modalities and categories, have consistently revealed activation in a predominantly leftsided network extending from the left inferior occipital cortex, through the middle and inferior temporal gyri to the inferior frontal gyrus. [20] [21] [22] [23] Additionally, a few studies have demonstrated right temporal activation specific to semantic processing. 24, 25 Functional imaging studies that address the question of material specificity in semantic processing using both visual 26, 27 and auditory 28 stimuli have identified hemispheric dissociations, with verbal material preferentially activating left-sided structures and nonverbal stimuli preferentially activating right-sided structures.
Although functional imaging can help identify the networks active in semantic processing, only complementary data from lesion studies can determine which parts of those networks are necessarily involved. Furthermore, the proximity of air-filled sinuses to temporal regions involved in language processing, renders functional magnetic resonance imaging (MRI) studies at risk of false-negative results owing to susceptibility artifact and signal drop-out. 29 Voxel-based morphometry (VBM) is a technique that has been used with structural MR brain images of patients with neurodegenerative disease to correlate behavioral 30 and cognitive data 2,31,32 with gray matter volumes in each voxel. In this study, we used VBM to address the question of which brain regions are necessary for conceptual processing and whether any areas show material specificity. In patients with neurodegenerative disease, we looked for correlations between gray matter atrophy and performance on a semantic association task administered with both pictorial and verbal stimuli. The ability to detect semantic associations between pairs of objects or words requires an understanding of the items that goes beyond their purely perceptual features. Nevertheless, it is clear that other, nonsemantic, processes including perception and decision-making are also critical in successfully performing these tasks. On the basis of evidence from the case reports and functional imaging studies mentioned above, we hypothesized that areas in the left-temporal lobe would correlate most closely with semantic processing of both verbal and nonverbal stimuli, but those regions specifically correlating to verbal processing would be identified in the left and nonverbal processing in right temporal lobes (RTLs).
METHODS

Subjects
One hundred forty-four participants (79 males) were recruited at the Memory and Aging Center, University of California, San Francisco (UCSF). Evaluation consisted of neurologic history and examination, nursing and neuropsychologic assessment, and MR brain imaging (MRI). A team of clinicians arrived at a consensus diagnosis using published diagnostic criteria. [33] [34] [35] [36] [37] The distribution of diagnoses was: Alzheimer disease (n = 26), frontotemporal dementia (FTD, n = 24), SD (n = 27), mild cognitive impairment (n = 12), progressive supranuclear palsy (PSP, n = 10), corticobasal degeneration (CBD, n = 10), progressive nonfluent aphasia (n = 7), and dementia with Lewy bodies (DLB, n = 2). For the purposes of analysis of demographic and neuropsychologic data, patients with a predominantly motor presentation were grouped together (PSP/CBD/DLB). A further 26 normal control subjects were included in the study group. The inclusion of participants from diverse diagnostic groups with varying patterns of brain atrophy and a wide range of scores on the neuropsychologic tests was intended to increase variance within the group, and thus improve the power of the correlational VBM analyses. The study was approved by the UCSF Committee on Human Research. All subjects or their caregivers provided written, informed consent before participating.
Differences in performance on neuropsychologic measures were assessed for each diagnostic group in comparison with the remaining participants using independent sample t tests or the Mann-Whitney U test where appropriate. Relations between neuropsychologic measures were investigated by calculating Pearson's correlation coefficient. Statistical analyses were performed in SPSS for Windows version 15 (SPSS, Chicago, IL).
Neuropsychologic Assessment
General intellectual function was tested with the Mini-Mental Status Examination (MMSE) 38 and functional status using the sum of box scores from the Clinical Dementia Rating (CDR) scale. 39 Memory, language, visuospatial ability, and executive function were evaluated using a previously published protocol. 40 41 This test is widely used for the clinical assessment of semantic memory in neurodegenerative disease. Subjects are shown a triad of stimuli (either words or pictures)-a reference (eg, PYRAMID) and 2 choices (eg, palm tree or pine tree). The subject is then asked to identify which of the 2 choices is most closely associated with the reference stimulus. The word and picture versions of the test use the same objects and consist of 52 trials each. A chance-level score is thus 26/52. The word and picture versions were administered in separate testing sessions. Table 1 shows the demographic and neuropsychologic data for the whole group and by diagnosis. The mean age of the group was 63.3 years (standard deviation = 10.3, range: 35 to 95) and mean duration of full-time education was 16.1 years. When compared with the rest of the group, patients with: (i) Alzheimer disease were significantly impaired on the MMSE (P<0.001), Rey figure recall (P = 0.002) and digits backwards (P<0.001); (ii) FTD were significantly younger (P<0.001) and obtained higher CDR scores (P<0.001); (iii) SD were significantly impaired on naming [Boston Naming Test (P<0.001)] and semantic association tasks [PPTW (P<0.001) and PPTP (P<0.001)]; and (iv) PSP/ CBD/DLB were impaired on the MMSE (P = 0.015), Rey figure copy (P = 0.001), and digits backwards (P<0.001).
Across all 144 participants, scores on the words (PPTW) and pictures (PPTP) subsets of the PPT test correlated highly with each other (Pearson r = 0.789, P<0.001) and with scores on the MMSE (PPTW: r = 0.514, P<0.001; PPTP: r = 0.536, P<0.001) and the Boston Naming Test (PPTW: r = 0.693, P<0.001; PPTP: r = 0.656, P<0.001). PPTP scores also correlated weakly but significantly with the Rey copy (r = 0.188, P = 0.024).
MRI
MRI scans were obtained on a 1.5 T Magnetom VISION system (Siemens, Iselin, NJ). A volumetric magnetization prepared rapid gradient-echo MRI (MPRAGE, TR/TE/TI = 10/4/300 ms) was used to obtain T1-weighted images of the entire brain, 15-degree flip angle, coronal orientation perpendicular to the double spin-echo sequence, 1.0 Â 1.0 mm 2 in-plane resolution and 1.5 mm slab thickness. Scanning was carried out within 365 days of behavioral assessment.
VBM
VBM is a technique for voxel-wise analysis of local changes in brain tissue content which has been used to study several varieties of brain disorder including neurodegenerative disease. The technique uses a spatial preprocessing stage followed by statistical analysis. Both stages were performed using the SPM2 software package (Wellcome Department of Cognitive Neurology, London; http://www.fil.ion.ucl.ac.uk/spm) running on Matlab 6.5.1 (MathWorks, Natick, MA).
MR images were preprocessed following standard procedures of the optimized method. 42 Customized template and a priori images were created by averaging 30 age-matched normal control subjects. A 2-step segmentation procedure was applied to each scan included in the study. First, raw T1-weighted images were segmented in native space. Each gray matter image was then spatially normalized to the custom gray matter template. The parameters obtained from the gray matter normalization were subsequently applied to the original T1-weighted images. Finally, these normalized images were again segmented into gray and white matter and cerebrospinal fluid compartments. To preserve the volume of tissue within each voxel a further modulation procedure was carried out in which voxel values of the normalized images were multiplied by the Jacobian determinates derived from the spatial normalization step. Spatially normalized, segmented, and modulated images were then smoothed using a 12 mm full-width at halfmaximum isotropic Gaussian kernel.
A covariates-only statistical analysis was used to investigate correlations between gray matter volume and performance on verbal (PPTW) and pictorial (PPTP) versions of the PPT test. Subjects from all diagnostic categories were entered as a single group. Age and sex were entered as nuisance covariates, together with score on the copy of the Rey complex figure. This test is highly sensitive, although not necessarily specific, to deficits in visuospatial perception. Variation in global brain atrophy was accounted for by scaling each image by its total gray matter volume. The significance of each effect of interest was determined by using the theory of Gaussian fields.
We first examined the effect of gray matter atrophy on PPTW and PPTP scores independently by constructing a separate statistical model for each. Then, to determine material-type specific effects, we entered both PPTW and PPTP scores into the design matrix and used [1, 0] and [0, 1] t-contrasts, respectively, as shown in Figure 1 . We accepted a statistical threshold of P<0.05, family-wise error (FWE) corrected for multiple comparisons, for the main effect analyses. As previous studies indicate a central role for the temporal lobes in semantic processing, 43 material-type specific effects were investigated within a region of interest comprising the bilateral temporal lobes at a significance threshold of P<0.001 uncorrected.
RESULTS
Main Effects of Material Type
The regions of gray matter that correlated with scores on the word and picture versions of the PPT are shown at a significance level of P<0.05 FWE corrected for multiple comparisons in Table 2 and Figures 1A and B . To assess the relative volume of left and right temporal lobe gray matter that correlated with PPTW and PPTP scores, a laterality index (LI) was calculated by dividing the number of suprathreshold voxels (P<0.05 FWE corrected) in the left hemisphere by the number in the right. For the PPTW, the LI was 3.74 and for the PPTP the LI was 1.30, indicating that cortical regions supporting semantic association with pictorial stimuli are more symmetrical than those implicated when using verbal stimuli, which are predominantly left-sided.
To ensure that these results were not due to a general effect of disease severity, we reran the analyses using MMSE score as a nuisance covariate, and again using CDR box-scores as a nuisance covariate. The overall pattern and significance of gray matter correlations was unchanged for both verbal and pictorial versions of the PPT test, and the LIs remained approximately the same.
The temporal lobes are atrophied bilaterally in SD raising the possibility that the observed correlations are a diagnosis-related effect. Therefore, we repeated the analyses entering diagnosis (''SD'' or ''non-SD'') into the design matrices as a nuisance covariate. Scores on the PPT test were still associated with bilateral temporal lobe voxels, albeit at a predictably lower significance threshold. PPTW scores correlated with a left temporal peak at P<0.001 (uncorrected) and a right temporal peak at P = 0.004 (uncorrected). PPTP scores correlated with a right temporal peak at P<0.001 (uncorrected) and a left temporal peak at P = 0.003 (uncorrected).
Specific Effects of Pictures and Words
Material-type specific effects were investigated within the temporal lobes bilaterally by entering both PPTW and PPTP scores into the design matrix as covariates of interest. Results are shown at a significance level of P<0.001 uncorrected for multiple comparisons in Table 3 and Figure 1C . (a) Specific effect of words: there were significant correlations between gray matter volume and PPTW score, independent of PPTP score, in left-sided structures only: the hippocampus/amygdala, temporal pole, and superior/middle and inferior temporal gyri. Correlations remained solely within the left hemisphere even at an uncorrected significance threshold of P<0.01. (b) Specific effect of pictures: there were significant correlations between gray matter volume and PPTP score, independent of PPTW score, in right-sided structures only: the fusiform gyrus, middle and inferior temporal gyri, and temporal pole. Correlations remained solely within the right hemisphere even at an uncorrected significance threshold of P<0.01.
Post Hoc Analysis: Lobar Volumes
We investigated this dissociation further, using an alternative volumetric method, among the group of patients with a diagnosis of SD, as they show the most marked semantic memory deficit and the greatest variance in temporal lobe volume. We divided the SD patients into those with predominantly ''left'' [left temporal lobe variants (LTLV); n = 17] and ''right'' [RTL variants (RTLV); n = 10] sided atrophy, as calculated using an automated Talairach-based method of regional classification 44 implemented in the BRAINS2 software package (Mental Health Clinical Research Center, University of Iowa, http://www.psychiatry.uiowa.edu/mhcrc/). The method is described in detail elsewhere. 45 Briefly, Z scores were calculated for patients' left and right temporal lobe volumes, after correction for total intracranial volume, using the mean and standard deviation of the corrected left and right temporal lobevolumes, respectively, of control subjects. Patients were then classified as LTLV or RTLV according to which temporal lobe had the more negative Z score. The neuropsychologic and volumetric data are presented in Table 4 . The RTLV group scored significantly higher on the CDR scale, reflecting the early behavioral changes in this presentation. The only other measure on which the groups were significantly different was PPTP score [left temporal lobe (LTL) = 40.2; RTL = 34.5; P = 0.05].
To investigate the possibility of a differential performance on word and picture versions of the PPT test between the LTL and RTL groups, we conducted a repeated-measures analysis of variance with Rey figure copy score as a covariate. This revealed no significant differences between groups [LTL or RTL: F(24,1) = 0.23] or test material type [PPTW or PPTP: F(24,1) = 1.3] but showed a significant group by material-type interaction [F(24,1) = 8.2, P = 0.009]. Two sample t tests showed that the RTL group scored lower than the LTL group on the PPTP (LTL = 40.2; RTL = 34.5), a difference that approached statistical significance (P = 0.051), but that there was no significant difference in PPTW score (LTL = 36.6; RTL = 39.7; P = 0.354).
DISCUSSION
In this study, we correlated scores on a pictorial and a verbal semantic association task with regional gray matter volume, using VBM in 144 patients with neurodegenerative disease. The degree of impairment on both tasks correlated with atrophy in the temporal lobes bilaterally, although the region of significant correlation was more symmetrical in the pictorial than in the verbal task. In addition, we have shown material-type specific effects for words in the LTL and for pictures in the RTL. The possible confound of impairment in lower-level visuospatial processing was taken into account by inclusion of performance on the Rey figure copy in the design matrix. Within the SD group, there was an interaction between the laterality of temporal lobe atrophy and relative performance on the verbal or pictorial semantic association task. We discuss the implications of these results for the understanding of semantic processing in the brain.
Our finding that scores on a test of semantic association correlated with gray matter volumes in the temporal lobe bilaterally, regardless of stimulus material type, is in keeping with previous work in patients with SD 2,6,31 and other forms of neurodegenerative disease. 46 The most highly correlated regions found in this studythe temporal pole, the lateral temporal gyri, the fusiform gyrus, and the hippocampus-are consistent with those identified by functional neuroimaging studies of associative semantic knowledge. 21, 22 It is important to recognize that the finding of correlations in these regions between atrophy and task performance does not imply that they are all necessarily involved in semantic processing. In neurodegenerative diseases, atrophy in distinct brain regions, such as the LTL and RTL, may be closely correlated. In the present study, it is not possible to say to what degree the bilateral findings in the main effects analyses are attributable to symmetrical atrophy rather than independent effects in each hemisphere. Notably, Lambon Ralph et al 47 have recently demonstrated that transcranial magnetic stimulation of either the left or right temporal pole leads to disruption of performance on a synonym judgment task, supporting the hypothesis that both are independently necessary for semantic processing. Our failure to identify regions of correlation in the left prefrontal cortex, even at a reduced significance threshold (P<0.001 uncorrected), may reflect the fact that the PPT test is relatively easy compared with the tasks generally used in functional imaging paradigms with normal subjects. In addition, performance on the PPT has been shown to be comparatively spared in patients with frontal lobe atrophy (eg, amyotrophic lateral sclerosis with FTD), although performance on a similar task involving action-based stimuli is impaired. 48, 49 Our observation of differential performance on the word and pictures versions of the PPT test according to the relative laterality of temporal lobe atrophy in SD is novel. Patients with predominant right temporal atrophy scored significantly worse than those with left-sided atrophy on the PPTP. There was no difference between the groups in performance on the PPTW. This latter result, which is at variance with the findings of the whole group VBM analysis, may be partially explained by the observation that all SD patients had significant LTL atrophy (Table 4 ). Previous studies of associative semantics have found that patients with SD perform significantly better on the picture than word version of the PPT test, 10 a modality-preference that, in some cases, extends across many semantic tasks. 12 Thompson et al 50 studied performance on a range of semantic tasks including picture naming and the word and picture versions of the PPT test, in a group of 47 SD patients, classified as L>R (more left than right temporal atrophy) or R>L (more right than left temporal atrophy) according to visual inspection of MRI or computed tomography imaging by a neuroradiologist. They found that the L>R group was significantly worse than the R>L group on picture naming, category fluency, and word-picture matching. There were no tasks on which the R>L group was significantly more impaired than the L>R group. They did not observe differential impairment on the PPT test according to modality of stimulus presentation. A number of factors may explain the discrepancy with the present study. Importantly, the classification of patients by an automated volumetric method has less potential for bias than visual inspection. In addition, the SD patients in the present study performed more poorly overall on the PPTW and PPTP, so it is possible that material-specific differences arise later in the disease. Furthermore, the repeated-measures analysis of variance, as used in this study to analyze PPTW and PPTP scores, takes into account the correlation between the two.
The word-specific correlation that we observed with gray matter volume in the LTL is in accordance with several functional imaging studies that have compared activations on verbal and nonverbal semantic tasks in the visual 21, 22, 27 or auditory 27,28 modalities. Vandenberghe et al 21 used positron emission tomography to study a semantic association task derived from the PPT test and found that the verbal task preferentially activated the left superior temporal sulcus, anterior middle temporal gyrus, and inferior frontal sulcus. Deficits specific to semantic processing of verbal stimuli may be accounted for by their lack of perceptually salient features in comparison with pictorial representations, where meaning may be partially contained in the visual structure of the object (eg, the ''glove'' picture has the same shape as the ''hand'' picture) that therefore enjoy ''privileged access'' 51 to the semantic system. In addition, left temporal damage may lead to deficits in processes such as word-form analysis or lexical access that are difficult to separate from the semantic processes of interest.
Our finding that RTL regions correlated specifically with semantic association of pictorial stimuli also parallels functional imaging findings. Bright et al, 26 in an analysis of 4 positron emission tomography studies using differing tasks (semantic categorization and lexical decision) and stimulus types (words or pictures), found overall greater activation for pictures than words in the bilateral fusiform gyri, left lingual gyrus and right inferior occipital gyrus, and cerebellum. Thierry and Price, 27 comparing conceptual processing of verbal and nonverbal stimuli in both visual and auditory modalities, found greater activation in the nonverbal trials in the right fusiform gyrus and right superior, middle, and inferior temporal gyri. Of particular relevance is a report by Vandenbulcke et al 52 of patient with a circumscribed ischemic lesion in the right fusiform gyrus, very close to the region identified in the present study, and an associated, isolated deficit in knowledge of visual attributes of concrete entities. The lesion overlapped with an area that, in normal controls, activated preferentially with pictorial stimuli in a functional MRI-based semantic association paradigm derived from the PPT test.
With these findings in mind, we interpret our data as implying that semantically driven, high-level visuoperceptual processes are dependent on the integrity of structures in the right inferomedial temporal lobe, perhaps associated with the storage of long-term visual memory in the form of structural descriptions. [53] [54] [55] However, while the PPT test is widely used in clinical settings, it is not designed to assess in detail the nature of semantic memory impairment. Each trial can be solved using a variety of strategies-not necessarily limited to conceptual knowledge. Our study has highlighted the potential benefits of studying semantic memory in large groups of patients using VBM. More precise tests that probe finer-grained features of semantic impairment, such as loss of knowledge of visual or other sensory attributes, will be necessary to delineate more clearly the neural basis of conceptual knowledge.
